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Abstract

Folding funnels have been the focus of considerable attention during the last few years. These have mostly been
discussed in the general context of the theory of protein folding. Here we extend the utility of the concept of folding
funnels, relating them to biological mechanisms and function. In particular, here we describe the shape of the funnels
in light of protein synthesis and folding; flexibility, conformational diversity, and binding mechanisms; and the asso-
ciated binding funnels, illustrating the multiple routes and the range of complexed conformers. Specifically, the walls
of the folding funnels, their crevices, and bumps are related to the complexity of protein folding, and hence to sequential
vs. nonsequential folding. Whereas the former is more frequently observed in eukaryotic proteins, where the rate of
protein synthesis is slower, the latter is more frequent in prokaryotes, with faster translation rates. The bottoms of the
funnels reflect the extent of the flexibility of the proteins. Rugged floors imply a range of conformational isomers, which
may be close on the energy landscape. Rather than undergoindued fitbinding mechanism, the conformational
ensembles around the rugged bottoms argue that the conformers, which are most complementary to the ligand, will bind
to it with the equilibrium shifting in their favor. Furthermore, depending on the extent of the ruggedness, or of the
smoothness with only a few minima, we may infer nonspecific, broad range vs. specific binding. In particular, folding
and binding are similar processes, with similar underlying principles. Hence, the shape of the folding funnel of the
monomer enables making reasonable guesses regarding the shape of the corresponding binding funnel. Proteins having
a broad range of binding, such as proteolytic enzymes or relatively nonspecific endonucleases, may be expected to have
not only rugged floors in their folding funnels, but their binding funnels will also behave similarly, with a range of
complexedconformations. Hence, knowledge of the shape of the folding funnels is biologically very useful. The
converse also holds: If kinetic and thermodynamic data are available, hints regarding the role of the protein and its
binding selectivity may be obtained. Thus, the utility of the concept of the funnel carries over to the origin of the protein
and to its function.
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The concept of folding funnels, which has been conceived a numeonformation may get trapped at some crevice along its way and,
ber of years ag@Bryngelson & Wolynes, 1989; Karplus & Shakhno- depending on the depth of its trap and the height of its barrier-
vitch, 1992; Baldwin, 1994, 1995; Karplus et al., 1995; Onuchicbump, its gliding would be resumed. More recent work has shown
et al., 1995; Wolynes et al., 1995; Dill & Chan, 1997; Karplus, that some modification of the multiple pathways descending down-
1997; Lazaridis & Karplus, 1997; Gruebele & Wolynes, 199ts  hill may be in placeGruebele & Wolynes, 1998; Martinez et al.,
revolutionized our understanding of protein folding. Its most im- 1998. While there are many conformations going through numer-
portant point, namely, the stipulation that protein folding pro- ous paths, there still appear to be some obligatory steps in the
gresses via multiple routes going downhill rather than through dolding reaction. Transition state ensembles may be well defined
single pathway, has immediately elegantly shown a way out of the@nd conformationally restrictedartinez et al., 1998 The recent
long-standing baffling Levinthal paraddkevinthal, 1969. Fur- illustration that the different funnel energy landscapes can be cor-
thermore, the funnel concept has illustrated how the down-glidingespondingly portrayed by disconnectivity graphs pictorially drawn
as different types of rooted treéSrauenfelder et al., 1991; Becker
& Karplus, 1997; Frauenfelder & Leeson, 1998; Wales et al., 1998
has been very instrumental. These trees aid in understanding how,
Reprint requests to: R. Nussinov, NCI-FCRF Bldg. 469, Room 151,despite the significant traps that the down-marching conformations
Frederick, Maryland 21702; e-mail: ruthn@ncifcrf.gov. encounter, they still manage to reach the bottom of the funnel. Yet,
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in spite of the inspiring beauty of the folding funnel concept, its landscape theory. In the second review, we provide a practical
implications for protein function have not been considered. Profolding/binding model within the framework of the funnel con-
teins, like any other molecule in vivo or in vitro, function through cept, describing its usefulness for the mechanism of protein fold-
their binding. Hence, to understand protein function, we need tang, binding, and function.

consider their intra- and intermolecular associations. The language used in the funnel-shaped energy landscape is

Recently we have described the implications of folding funnelsimplicitly referred to as a macrostate, that is, an ensemble as de-
to straightforwardly rationalize binding mechanisms. Considerablescribed in statistical mechanid®ill, 1999). A single pathway
attention has been focused on the slopes of the folding funnelsacing down to the bottom of a funnel, which can only be observed
their bumps and crevices, and their bottoms. Yet, the protein molin a computer simulation, is a micropath. Now, in the preceding
ecule always functions through binding. And, when consideringreview, Dill has filled the gap between the macrostate and the
binding mechanisms, the unbound protein has been largely viewehicrostate. Bridging between the microscopics and macroscopics
as existing in a singlémost stableconformation, hence, the terms further validates the notion and the proposition that the energy
“lock-and-key” and “induced-fit,” “crystal effects,” etc. On the landscape concept can be successfully used for describing folding
other hand, when viewed in the context of conformational isomerghermodynamics and kineti¢€han & Dill, 1994, 1998 as well as
around the bottom, binding mechanisms such as crystallizatiorfor developing faster search algorithrf3ill et al., 1997.
induced-fit, specific vs. broad-range nonspecific binding, domain In this review, we start with a practical description of the mi-
swapping(Bennett et al., 1994, 1995and misfolding are ex- cropath, a single pathway rolling down toward the funnel bottom.
plained simply by the extent of the ruggedness of the funnel arounth our model(Tsai et al., 1998, 1999 protein folding is the out-
the bottom, the narrow valleys, and the barrier heights. A rigidcome of a combinatorial assembly of a set of transient building
protein, with a highly specific binding, can be viewed as having ablocks. The formation of any building block in a given sequence
smooth bottom with a single or very few minima. On the othercan also already be described and guided by a microfunnel-like
hand, a nonspecific protein, binding to a range of potential ligandenergy landsacpe. The mutual recognition between building blocks
can be pictured as one having a very rugged bottom with ratheresembles a fusion of two microfunnel-like landscapes. At the
low barriers separating the multiple minima valleys. We have therebottom of a subfunnel-like landscape resides a compact, stable
fore argued that the ensemble of conformational isomers arountlydrophobic folding unit. Such a hydrophobic folding unit, in turn,
the bottom of the folding funnel implicitly replace long-held no- serves as the basic unit in building a functional, multidomain pro-
tions in binding, such as “lock-and-key(Fischer, 1894 and tein, an oligomer, or a functional complex.

“induced-fit” (Koshland, 1958 crystal packing effects, hinge bend-  Here we discuss and relate distinctive funnel shapes and surface
ing motions, domain swappin@ennett et al., 1994, 1995and  ruggedness to a variety of protein folding, binding, and functional
misfolding. Depending on the ruggedness of the folding funnelmechanisms. We focus on the shapes of the energy landscape
around its bottom, its hills and canyons, and their correspondingssociated with protein complexes and their implications. In bind-
heights and depths, these can be directly understood. The moimeg, as in folding, multiple conformations may race down the
flexible the protein, the larger the ensemble of conformers, and théunnel toward favorable, complexed structures. Nevertheless, due
lower the barriers between them. The conformer that binds théo the fact that the number of atoms is larger in complexes as
ligand is the one that is complementary to it, with the equilibrium compared to protein monomers, and due to the lack of the chain
adjusting itself in favor of this conformé&Foote & Milstein, 1994, connectivity, the potential number of conformations in binding is

Previously, we have presented a general scheme for proteisubstantially larger than in folding. Binding funnels can therefore
folding and binding(Tsai et al., 1996, 1997a, 1997b; Xu et al., be very complicated.

1997, 1998 That scheme has evolved from a series of systematic

investigations encompassing protein architecture, the hydrophobi
effect, hydrophilic bridges, compact hydrophobic folding units,
and domain swappingXu et al., 1998. The clear and uniform Proteins, like any other molecule in vivo or in vitro, function
conclusion was that the sole difference between folding and bindthrough their binding. The target molecules vary in size and com-
ing is the presence, or absence, of chain connectivity. Hence, bglexity from a single metal cation to proteins or other macromol-
recognizing the similarities, and the differences, between these twecules. Protein binding is comparable to protein folding only when
processes, they can be utilized toward understanding, and hentiee ligands are amino acids, peptides, or proteins. However, there
toward prediction of both. is no difference in the principles governing binding of different
types of molecules, such as amino acids or nucleotides. For this
reason, we do not specify the chemical nature of the ligands ex-
plicitly, and our discussion is general in nature.

Protein binding may be classified utilizing different criteria.
These may include the chemical nature of the ligands. Alterna-
tively, it may be the size of the ligand, i.e., a small molecule or
The new view of protein folding, embodied in the funnel-shapedmacromolecular binding. Further, considering the outcome of the
energy landscape, is a beautiful conceptual base capturing the rateraction process, binding may be classified as “inert” or “reac-
alities of the folding process. Its attractiveness lies in its immediatdive.” Inert binding implies simple physical binding with no chem-
utility: Already the bare concept of the funnel shape explains whyical modification of either the protein or the ligand. On the other
protein folding is neither a random search nor does it follow ahand, reactive binding implies that a chemical reaction takes place
single pathway toward its native conformation. In this back-to-as a result of the binding process, as in the case of an enzyme
back review series, the profound first reviéill, 1999) adds a  catalyzed reaction. Binding processes may further be classified by
new statistical mechanics description to the funnel-shaped energhe stability of the protein as a monomer. In a two-state binding
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process, the protein has a single native state, which is the boundith well-defined local and global minima. On the other hand, a
state. In a three-state binding process, the protein is stable in bothrotein with a random sequence will not be able to fold rapidly,
monomeric and bound states. Binding may further be classified bylue to the lack of stabilizing intramolecular hydrophobic and elec-
the rigidity of the protein and of the ligand. Carrying out a careful trostatic interactions. Since for such a random sequence protein
examination of the energy landscapes of different binding pro-there is no energy difference between ordered and disordered states,
cesses and comparing them with folding funnels may thereforéhis protein is expected to have a very shallow fur(ifeit exists

prove beneficial. For example, as we will see later, rigidity andat all), lacking any well-defined local or global minimum. As such
flexibility of either the free or the bound protein are closely relateda protein is unlikely to exist in the living cell, we may argue that

to protein function. folding funnels are the result of evolutionary selection, acting in
accord with physical laws.

Clearly, if we use the unfolded state as a reference state and all
degrees of freedom as coordinates, a binding process involving an
Protein folding is a spontaneous process. It is executed in the cedllready folded protein can be depicted by a funnel-like shape.
at a constant temperature, below its transition temperature. ABurther, there is also no doubt that the less frequent case of a
protein folding behaves like a first-order two-state phase transitiontwo-state binding process, in which binding and folding take place
both stategthe native conformation and the associated, unfoldedsimultaneously, also displays a funnel-like shape. However, as it is
statg have equal population times at the transition temperaturemore convenient to use the folded protein as a reference state, the
Below the transition temperature, the native folded protein is thermoguestion arises as to whether the binding process can still be por-
dynamically more favorable than the unfolded state, which is artrayed by a funnel under these circumstances. In the extreme case
ensemble of denatured conformations. By utilizing a funnel shapef rigid protein binding, the degrees of freedom are reduced to
to portray the protein folding energy landscape as a function othree translational and three rotational for each two-molecule as-
conformational space, one implies that protein folding is a self-sociation. However, even rigid docking requires the robust deter-
driven process rather than a random search. Along the surface afiination of the global free energy minimum from the myriad of all
a funnel, there are many alternate paths flowing from the toppossible conformations. In this sense, problems of protein folding
toward its bottom. Folding kinetics depends on how long an indi-and binding are quite similar, and thus one can extend Levinthal’'s
vidual descending conformation will be trapped at some bumps oparadox to protein binding. However, as in the case of folding, it
the funnel surface. In a two-state transition, free energy barriers;an also be readily explained by the existence of the multiple
which are the source of the bumps, are expected along the funnekthways, here for protein—protein binding. Hence, the extension
surface. Clearly, the higher the barrier, the longer it will take theof the funnel concept to binding processes should also be very
downhill folding process to reach the native conformation near theuseful (Miller & Dill, 1997).
bottom of the funnel. The funnel theory provides particularly at- The difficulties involved in the prediction of docked configura-
tractive guidelines for describing the protein folding process. Nev-ions have been a subject of numerous studieschalski-Katzir
ertheless, a “practical” folding model is still essential both to explainet al., 1992; Cherfils & Janin, 1993; Norel et al., 1994, 1995; Fischer
the variability in the behavior of protein folding, with some mol- et al., 1995; Dunbrack et al., 199 The problem can be defined as
ecules folding rapidly, and others slowly, and some more prone tdollows: given the structures of two molecules, predict their “cor-
misfolding than others, and to clarify the logical consequences forect” bound configuration. If the structures to be docked are taken
binding. from their crystallized cocomplex, predicting their fitted associa-

The process of protein folding can be either sequential or nontion is relatively straightforward. On the other hand, if the struc-
sequential(Tsai et al., 1999 In a sequentially folding protein, tures have been determined when the molecules are in their “free,”
sequentially covalently connected fragments are adjacent to oninbound” state, the problem can be very difficult. Yet, even struc-
another in the three-dimensiond@D) structure. Such folding is tures presumably determined in the unbound state are actually also
more often seen in eukaryotes and is thought to be the outcome d@ound; except in this case they are bound to their twin molecule in
slower translation rate@Netzer & Hartl, 1997. In contrast, in a  the crystal. If the molecules are relatively rigid and have relatively
nonsequentially folded protein, structurally adjacent fragments aremooth funnels with a single or a few minima, their conformational
not connected sequentially. As a result, in such proteins the polyeiversity is limited, and hence there is a higher likelihood that the
peptide chain crosses back and forth between different dort@ins conformers binding in the “free,” “unbound” state will be those bind-
hydrophobic folding units Nonsequential folding is more com- ing to their ligands). If, however, the protein is flexible, its folding
mon in prokaryotes typically having faster translation rates. Thefunnel has rugged bottom consisting of several minima separated
landscape of folding funnels can be smooth and simple. Simpleby small energy barriers. Hence, its conformational diversity is larger,
funnels are likely to be observed in sequentially folding proteins.and the conformer binding to its cofactor, or ligand, may be dif-
Nonsequentially folding proteins may translate to complicated funferent from the one which is bound in the crystal. In such a case, if
nels, with crevices and bumps along their paths. Such proteing predicting the conformation of the complex one picks the struc-
have a higher probability of being trapped in local minima, andture that is found in the crystal of the single molecule, achieving a
hence misfold. On the other hand, sequentially folding proteins, ircorrect prediction of the bound conformation is much more diffi-
which consecutive fragments in the chain interact with each othecult. As Verkhivker et al(1996 have pointed out, for robust ligand-
are less likely to misfold. Figure 1 depicts this relationship be-protein docking, the binding energy landscape must have a funnel
tween the complexity of protein folding and the shape of the funnelsshape, leading to the global free energy minimum. This has recently

During evolution, proteins with nonrandom sequences, whichbeen elegantly illustrated by Zhang et @999, who have shown
are able to fold rapidly, within biologically relevant time scales, that there are energy gradients, or funnels, near the binding sites.
have been selected. Folding funnels for such proteins have funneFhey have further used their finding to provide an explanation for
like energy landscapes. These landscapes consist of deep(salleythe rapid association rates.

Folding funnels and binding funnels: Concept
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Sequential folding Non-sequential folding

1gpe 1gpc

Fig. 1. The figure depicts the relationship between the complexity of protein folding and the shape of the fanféls.concept of

folding funnels in terms of sequential folding vs. nonsequential folding. Based on merely the entropy consideration, proteins that fold
sequentially are expected to have a smoother, less bumpy surface than nonsequentially folded BrGteiframples of proteins
corresponding classified as a sequentially folded prot&irotein Data Bank code 1GRI, growth factor bound proteire2d a
nonsequentially folded proteilGPC, DNA-binding protein core GPBZ2The folding complexity reflects the number of assigned
“building blocks” (Tsai et al., 1998and the order of their interactions. The sequential order of the ribbon colors starting from the
N-terminus to the C-terminus are red, green, yellow, blue, magenta, and cyan. The unassigned segments are colored white.
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As in folding, the multiple routes going downhill in binding dehydrogenase from hyperthermophilic and mesophilic organisms
rationalize how favorable protein associations may be reached ihave shown similar trends. Moreover, salt bridges are much more
short times. In folding, the existence of multiple pathways gliding frequent within the enzyme subunits than in intersubunit interfaces.
down the energy funnel implies that a single given protein mol-Taken together, these results indicate that relatively rigid domains,
ecule need not search through the entire conformational spacer subunits, may yield binding funnels with rugged bottoms.
Instead, different protein molecules follow different pathways to This straightforwardly explains the difficulty in the prediction of
reach the native state defined by the global minimgminima). bound conformations if the monomer is flexible. In binding, the
Hence, there is an ensemble of non-native conformations fronmultiple pathways originate from the population of the already
which the folding process initiates and proceeds. Similar argufolded conformational isomers around the bottom of the respective
ments can be advanced in rigid binding, with the multiple confor-folding funnels. Hence, the more flexible the monomers, the larger
mations going downhill circumventing the need for an exhaustivethe number of conformers and the larger the number of alternate
six-translational and rotational degrees of freedom search by atarting points of downhill pathways in the binding funnels. De-
single binding conformation. Favorable binding may be achievedending on how favorable is the native conformation of the com-
via multiple diffusion-collision processes of the two molecules plex, and its rigidity, the multiple routes may yield an ensemble of
in folding, of the substructural component pairtlence, local conformers around the bottom of the binding funnel. The less
optimization of the intermolecular interactions is likely to take stable molecular associations will have rugged binding funnel bot-
place, with side-chain rotations and limited backbone movementgoms, with low barriers between the conformers of the complex.
Simultaneously, alternate, parallel pathways will be manifested by While some proteins are highly selective, others may bind a
the binding process. Owing to the absence of the constraint ofroad spectrum of ligands. Proteins displaying specificity in their
chain connectivity in binding, more favorable associations may bebinding, recognize well-defined sequence structure motifs. Highly
obtained as compared to foldirigsai et al., 1998 specific proteins are likely to be relatively rigid. In contrast, pro-

The above arguments may be illustrated by the fact that proteinteins binding to a range of ligands, are likely to be more flexible,
protein association generally occurs at rates which afed Q0* with a population of diverse conformers. While one conformation
times faster than would be expected from simple considerations dits one ligand, an alternate conformer may be more favorable for
collision frequencieg~10° s~ M~1; when considering orienta- binding a ligand with a different structu¢&oote & Milstein, 1994
tion effects,~10% s™* M 1) (Northrup & Erickson, 1992; Wells, The extent of the flexibility is likely to be related to the function
1996. When proteins collide, they do not diffuse away immedi- of the protein. A specific antibody is likely to be more rigid than
ately. Instead, they roll on one another and thereby sample corthe less specific germlinéWedemayer et al., 1997 Similarly,
siderably more surface area than would be the case for a singlsome families of proteolytic enzymes, such as the aspartic pro-
elastic collision. This is equivalent to multiple pathways and sup-teinases, or the serine proteinases may be expected to display
ports a funnel explanation. larger flexibility. Less specific enzymes, which cleave the DNA
such as the topoisomerases, may similarly be expected to be quite
flexible, as compared to the specific restriction endonucleases.
Molecular flexibility enables the protein to bind to a range of
potential ligands.

The funnels of rigid proteins are likely to display a single or afew Flexible proteins have rugged funnel bottoms, corresponding to
minima. Such proteins may be highly specific in their binding. Ontheir range of conformational isomers, with low energy barriers
the other hand, flexible proteins are likely to exist in solution in a separating them. Consistently, if the protein monomer is inherently
range of conformations, yielding rugged funnel floors. For rigid flexible, its protein—protein complex is also likely to display a
proteins, geometrically similar structures are near each other on th@nge of conformations, with relatively small differences in energy
energy landscap@ill & Chan, 1997). If the individual funnels of  separating them. Hence, the bottom of the binding funnels of pro-
the constituent protein monomers whose complexed association teins whose functions dictate flexibility, is likely to be rugged,
explored are rugged, the funnel of the complex can be expected fpopulated by ensembles of conformational isomersasfiplexes

be rugged as well. Thus, if the individual molecules exist in a rangeThis suggests that the bottom of the funnels of complexes of the
of conformational isomers, they will associate creating a range ofess specific proteolytic enzymes would be relatively more rugged
complexed conformations. In principle, each of the single mol-than those of the rigid proteins. Thus, knowledge of the protein
ecule conformers can associate, so long as favorable binding fsinction may be expected to provide hints about the shape of the
obtained. On the other hand, the inverse does not necessarily holbottom of its folding funnel, and correspondingly, about the shape
Rigid molecules displaying smooth funnels with a single minimumof the bottom of its complexed, binding funnel. The converse also
or a few minima may still associate in diverse ways, althoughholds: Availability of kinetic data regarding the range of the con-
probably to a lesser extent than the highly flexible ones. Part oformational isomers of a protein, free or bound, is likely to provide
this problem may be gleaned by analysis of electrostatic interhints about its type of function.

actions in the proteins. Analyzing 294 salt bridges from a non- A recent example illustrates this point in a rather striking way.
redundant dataset of 38 high resolutieal.6 A) crystal structures  Lee et al.(1998 have determined the crystal structure of a recom-
of dissimilar monomeric proteins, we have recently found that thebinant plasmepsin Il. This enzyme belongs to the family of aspartic
majority (greater than three-quartef the salt bridges are formed proteases. There are two independent molecules in the asymmetric
within the hydrophobic folding unitéTsai & Nussinov, 199¥%. Only unit, displaying markedly different domain displacements. Further-
a small minority(less than one-tentlof the salt bridges are formed more, both molecules were complexed with pepstatin A, a general
across domain®r hydrophobic folding units This study indicates  aspartic proteinase inhibitor, and a potent inhibitor of plasmepsin
that interdomain boundaries are frequently flexible and can allowl. Here two pre-existing, different conformations of plasmepsin Il
hinge based motions. Our previous studies on hexameric glutamatend pepstatin A, rather than the same, “initial” unbound confor-

Relationship between folding funnels and binding funnels
in terms of rigidity and protein function
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mation binding through an induced fit mechanism. Hence, in a simthe intermediate, or transition sta@reighton, 1998 Five differ-
ilar vein, the bottom of the funnel of the complex is populated byent catalytic genera of proteolytic enzymes, in which serine, thre-
different complexed conformations. In the crystal, they bind to eactonine, cysteine, aspartic or metallo groups provide a nucleophile
other as different conformers. We may reasonably assume that aduring catalysis, are known. These five genera can be subdivided
ditional conformational isomers of the complex exist in solution. into innumerable clans and familigBarrett et al., 1998 For
However, the conformers of the complex that cocrystallize are morexample, there are about 40 families of serine- and threonine-
complementary, and hence more favorable for binding to each otheproteinases alonéPerona & Craik, 1995; Barrett et al., 1998
The equilibrium of thecomplexedconformations around the bot- While being excellent examples of convergent evolution, these
tom of the binding funnel results in a conformational shift favoring enzymes also show extensive structural diversity. Actually, it is
the conformers of the complex, which bind to the growing crystal.often the case that enzymes belonging to different clans adopt
Previously, it has been shown that two molecules in the samelifferent overall folds. Consider, for example, the serine protein-
crystallographic asymmetry unit can differ in their relative domain—ases. Trypsin, streptogrisin A, togavirin, IgA1-specific serine en-
domain orientation. Muller et a{1998 have crystallized the tissue dopeptidase, hepatitis C polyprotein peptidase, etc. belong to clan
factor, a member of the cytokine receptor superfamily. Tissue facSA. They all adopt a doubjg-barrel fold. On the other hand, those
tor is an obligate cofactor of coagulation factor Vlla. Muller et al. belonging to clan SC, namely, prolyl oligopeptidase, carboxypep-
have shown that there is a hinge rotation of $Arvthe rabbit  tidase C, etc., adopt am/B hydrolase fold(Barrett et al., 1998
tissue factor between the domains when the two molecules in th&he structural diversity of proteinases is equally matched by the
asymmetric unit are compared. This suggests that under crystalldiversity of the substrates they recognize. For a particular protein-
zation conditions at least one of these conformers was in a highlgse, only a limited extent of substrate specificity is found. Trypsin
populated state. The other conformer is complementary to it, ang@refers to cut the peptide bond following Arg or Lys residues,
thus binds and cocrystallizes with it, with the equilibrium shifting while chymotrypsin cuts the peptide bonds formed by Tyr, Phe,
in its direction. Hence, again, binding and folding behave simi-Trp, and Leu. However, it is evident that these enzymes are capa-
larly. In the plasmepsin case, the different conformers of the comble of recognizing different substrate conformations. This indicates
plex bind as a unit to the growing crystal. In the tissue factor caserugged bottoms in the binding funnels of such enzyme substrate com-
it is different conformers of theingle moleculeswhich bind to  plexes, which may, in turn, arise from the flexibility of the enzyme
each other in the asymmetric unit of the crystal. and of the substrate molecules. Similarly, topoisomerases | and Il
The function of the proteolytic enzymes is to catalyze hydrolysiscleave DNA strands nonspecifically. In this case, the enzyme is also
of the protein backbone via nucleophilic attack on the carbonylable to recognize different substrate conformations. Hence, topo-
carbon of the peptide bond. During this nucleophilic attack, theisomerases are also a good example of flexible binding with the
trigonal carbonyl carbon of the peptide bond becomes tetragonal iBnzyme-substrate complex having rugged bottom binding funnels.

Y

Building blocks ——> Hydrophobic folding units
(Microdomains) (Subdomains)

Fig. 2. The figure illustrates the hierarchical processes in folding and in
binding, and the corresponding relationship between folding funnels and
binding funnels, in terms otomplexity A: The funnel complexity is
illustrated by the increasing number of bumps from building blocks to
hydrophobic folding unit§HFU), to domains, to protein fold, and finally

to the quaternary structure, the outcome of a bindings process. In general,
the hierarchical processes act likeonsecutively fusing two individual

funnels into oneB: Two HFUs associate as a functional doma.Two
Protein fold <«————— Domains multidomain subunits bind to form a functional heterodimer. The protein in
(Multidomains) B is trypsin(1SGT) with each HFU in different color. The proteins @is

a MHC CLASS Il complex with covalently bound HB peptid&IEA).

(Figure continues on facing page.

Quaternary structure
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Relationship between folding funnels and binding funnels sient unit, which may flip between different conformations, open-
in terms of building-blocks ing, twisting, and closingWang & Shortle, 1996 On the other
hand, a monomer is likely to be relatively stable, with a long
If the building-block folding modektipulating that protein folding  population time. Second, intermolecular recognition between two
is the outcome of a combinatorial assembly process of a set afhains in binding is a chain-linkage-free process. This is in contrast
transient building blocks, is acceptable, folding and binding pro-to the mutual stabilization between two building blocks, restricted
cesses can be conveniently described under a common scherhg a sequential linkage. Taken together, it is not surprising to
(Tsai et al., 1998 In this framework, a building block in protein observe a similarity between folding and binding funnels. Figure 2
folding corresponds to a folded monomer in protein binding. Inillustrates the similar, hierarchical processes in folding and in bind-
both cases, structural entities associate with each other, whetharg and the corresponding relationship between folding and bind-
they are covalently connected, or unconnected. Nevertheless, whileg funnels, in terms of complexity. Building blocks fuse into
these two processes are similar, there are two inherent differencésdependently folding, compact, hydrophobic units. Intramolecu-
between them. First, the population times of these structural unit&ar chain linked hydrophobic folding units bind to form structural
are likely to be significantly different. Auilding blockis a tran-  domains, which in turn associate to form an intramolecular, multi-

1ieaAB

Fig. 2. Continued.
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domain protein fold. Intermolecular binding ensues to form qua-To a large extent, the beauty of the funnel concept lies in its being
ternary structure. Each of these processes entails fusiiigvof consistent with both kinetically and thermodynamically controlled
funnels into a higher dimensional funnel, regardless of whethefolding processes. If the folding energy landscape is extremely
they involve chain-connected, or unconnected, protein units. Theugged, the protein may be trapped at the conformation, which is
complexity of the funnel shape increases as we climb up the hiemot the global minimum. However, with time, the protein may
archical ladder. climb out of its local minima, to reach the global minimum. A
Following the folding funnel assumption, and the building block well-known example is the bovine seminal ribonuclease, existing
folding model, the complexity of protein folding can be describedin solution as a monomer, and eventually flipping into a domain
as having two hierarchical origins. It is reasonable to assume thatwapped statéPiccoli et al., 1992; D’Alessio, 1995Furthermore,
the formation of the building block itself already has a funnel-like it may be the case that the biologically active form of the protein
shaped landscape. Consistently, based on a complete potential éa-the one trapped in a local minimum. Several folding reactions
ergy surface exploration for a four-residues peptide, Becker an@ppear to be determined by kinetics rather than thermodynamics
Karplus (1997 have demonstrated that even such a short peptidéBaker & Agard, 1994 Among the four kinetically controlled
already displays a funnel-like landscape. Hence, we may argue th&blding processes reviewed by Baker and Agard, there are two such
crevices and bumps on the building blocks’ associated funnel surcases. The first is the heterodimerization of luciferase, which is
faces will be the source of folding complexity in the first step. under kinetic rather than thermodynamic control. The second is the
Since a building block, by definition, is a contiguous fragment, itsfolding of the influenza virus hemagglutinin, a trimeric viral en-
folding complexity depends mainly on its size and on the “fold- velope glycoprotein, which may also be under kinetic control. The
ability” of its sequence. In general, a larger fragment is likely to funnel concept for binding processes predicts that binding may
encounter higher folding complexity. The fact that some secondargimilarly be controlled both by kinetics and by thermodynamics. In
structure formation has been observed very early in the foldingoth folding and binding cases, the processes initiate from higher
procesgYue & Dill, 1995; Ballew et al., 1996; Eaton et al., 1997 energy and terminate in lower energy states, regardless of the
indicates that the associated funnel landscape of the protein fraggathways that are followed.
ment is smooth with a steep descent. The non-native association
between building blocks is expected to be the second and maj
source of folding complexity. Owing to the lower entropy of a
sequentially folding protein, the surface of its folding funnel is It is widely agreed that the native conformation of the protein is in
expected to be much smoother than that of a nonsequential protegeneral the most stable conformation. Thus, most of the population
folder. is in the native conformation. However, in the case of some pro-
In binding, the more flexible the component monomer is, theteins or their variants, like those involved in neurodegenerative
more alike is its binding funnel to a folding funnel, especially diseases, a very small fraction may exist in alterfyaisfolded
when one of the components is disordered prior to binding. Frageonformations. In such proteins, once a seed of misfolded confor-
ment complementation studi€¥asayco & Chao, 1995; Chaffotte mation forms, polymerization continues, eventually culminating in
et al., 1997; Ladurner et al., 19PRAave demonstrated that a two- amyloid formation. As the bound-misfolded conformation is more
fragment binding funnel resembles a folding funnel; converselystable than the unbound-native, the equilibrium shifts in favor of
the more nonsequential are the interactions between building blockee misfolded conformer.
in protein folding, the more the folding funnel resembles a binding Viewing the folding-binding process this way explains both
funnel. Folding funnels typically illustrate a single dominant valley domain swapping and amyloid formation. The single misfolded
at their bottom where the native conformation resides. On the otheor “open” conformers, with the domain to be swapped in a
hand, around the bottom of two-fragment folding-binding funnels,“flipped” state, are less stable than their native folded counter-
there are valleys deep enough to be considered as traps either parts. However, in the presence of an already preformed amy-
folding or in binding. In protein folding, the valley represents loid, or domain-swapped nucleus, the flip to the conformer whose
trapped misfolded conformations; in binding, the valley corre-structure is complementary to the existing seed yields a more
sponds to alternate binding conformations. For the particular casstable bound, complexed configuration. Hence, there is no con-
of sequential folding, since favorable association between buildindormational switch that isnduced by the amyloid, or by an
blocks reduces conformational entropy, we may expect a less bumpmggregate seed; rather, the less stable conformers already exist
surface at the bottom of the funnel. Hence, in vivo, a misfoldedin solution, albeit in very low concentrations. Upon binding of
protein is more likely to originate from nonsequentially folding these conformers to a pre-existing amyloid, the shifts in the
protein than from a sequential one. equilibrium further drive the reaction, propagating the growth of
the amyloid. In the case of the swappdiners these may be
observed after hours of being present as nonswapped monomers
(Piccoli et al., 1992; D’Alessio, 1995Here two molecules in
an “open,” flipped, less stable conformation collide to form a
The thermodynamic point of view holds that the native conforma-more stableswapped dimerSimilarly, swapping can also take
tions of proteins are at their global free energy minima relative toplace within the monomer, between domains, hydrophobic fold-
all other states having identical bonded chemistry. However, reing units, or other structural entities.
cently, it has been gradually realized that there may be large re-
gions of conformational space that are kinetically not readily . - N
accessible. Yet, thermodynamically in these regions there migh't:OIdlng funnels, binding funnels, and rate limiting steps
exist a more stable state. This has suggested that the folding prdwo steps are involved in misfolding and amyloid propagation.
cess may be controlled both by kinetics and by thermodynamicsThe first is the conformational interconversion from the native to

Bomain swapping, misfolding, and amyloid formation

Kinetics vs. thermodynamics in protein folding
and binding



Binding funnels and protein function 1189

the misfolded monomer, and the second is the binding of theble molecules exhibit conformational diversity. Yet, they have
misfolded conformer to the growing amyloid fiber. Can one predictoften been viewed as displaying an “induced fit" binding mecha-
the rate limiting step from the shape of the funnel? If the barriersnism, depending on which conformations have been crystallized in
are low, such as in cases of highly flexible proteins existing in athe “free,” “unbound”(to its cognate ligand, though bound to its
range of conformations, the rate limiting steps are unlikely to betwin molecule in the crystalform. The conformations of such
the conformational interconversions. In such cases, the limitingnolecules have also sometimes been suggested to be the outcome
steps might be the binding. On the other hand, if the barriers aref “crystal effects,” again, depending on which conformers have
high, the conformational interconversion may be expected to servbeen favorable for binding in the crystal. Furthermore, folding
as the bottle neck in amyloid growttPrusiner, 1991; Jarrett & funnels illustrating bottoms with a deep minimum, with additional
Lansbury, 1998 However, amyloid formation is an extremely minima relatively not too different in depth, and with the inter-
slow process. Hence, it is quite likely that the limiting step is vening barriers still not too high, may reflect metastable states. The
determined by the formation of the seed, that is, the initial amyloidcorresponding proteins may be candidates for domain swapping, or
fiber, which in turn is determined by the conformational intercon-for forming amyloids.
version and binding taking place simultaneously. In the correspond- Moreover, inspection of the extent of the ruggedness around the
ing folding-binding funnel, there is an entropy barrier that cannotbottom of the folding funnels enables us to have a notion of the
be overcome without the presence of amyloid. This is similar to theextent of the ruggedness around the bottom of the corresponding
case of supercool water, which stays in a liquid state until a seeiinding funnels. In the case of a flexible monomer, a number of
is dropped into it. The seed dramatically reduces the barrier heightonformational isomers may bind a given ligand. While the sta-
between the liquid water state and the solid ice state. bility of the resulting complexes may differ, if the single molecule
Interestingly, nucleation is also found to be the rate limiting stepconformers are relatively close on the energy landscape, the com-
in protein folding. Experiment and theory are both in agreementplexed conformers may similarly be conformationally and ener-
regarding the importance of nucleation mechanisms in protein foldgetically quite close. On the other hand, for a rigid molecule, with
ing. The seeds for protein bindifgmyloid propagationare clas-  a well-defined minimun{or a few minima and a smooth bottom,
sical nuclei. These are well-formed elements of structure present ia consistently similarly shaped funnel floor may be observed in the
the ground statedinal amyloid). However, the nucleation mech- binding funnel. One may expect a considerably smaller number of
anisms use diffuse, extended regions, which are observed in theomplexed, favorable, bound conformations. Hence, the shape of
transition stategFersht, 199Y. the folding funnel of the single molecule is very instructive. The
converse also holdg, kinetic data exist. If available, we may be
able to predict the mechanism of folding, of binding, and possibly
in some cases the rate limiting steps in the binding process. We
shall further be able infer its binding selectivity or its nonspeci-
Given the structure of the protein monomer, we may have a notiofficity. Thus, the concept of the funnel goes well beyond compre-
of the shape of its funnel. The larger the complexity of its structure hension of the multiple routes going downhill, and overcoming the
the more jagged the walls of the funnel are likely to be. Thepuzzling time scale paradox. Given th@logical considerations
structural complexity is a function of the types of interactions in of the rates of synthesis in eukaryotes and in prokaryotes, and of
the protein; namely, the complexity depends on whether the seghe function of the proteiwia its binding, the funnel concept is
ments of the chain, which interact with each other, are sequentiallyery useful.
or nonsequentially connectéBaldwin & Rose, 1999 In sequen-
tial folding, the shape of the funnel is the outcome of joining many
microfunnels, each corresponding to a transient “building block”
of the protein structure. Sequential folding has been proposed t@/e thank Dr. Jacob Maizel for encouragement and for helpful discussions.
occur more frequently in eukaryotic cells, having a slower rate ofThe research of R. Nussinov in Israel has been supported in part by grant
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translation(Netzer & Hartl, 1997. On the other hand, in prokary Foundation administered by the Israel Academy of Sciences, by the Magnet

otes, where the rate Of_ prote?n synthe_sis is C_OnSiC_ierably fastefyrant, by the Ministry of Science grant, and by the Tel Aviv University
chances of nonsequential folding are higher. Since in nonsequemBasic Research and Adams Brain Center grants. This project has been
tial folding the probability of misfolding is consequently substan- funded in whole or in part with Federal funds from the National Cancer
tially higher, there may be a more frequent need for the help ofnstitute, National Institutes of Health, under contract number NO1-CO-
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ing and binding processes, the same fundamental principles are

involved.

While inspection of the funnel walls narrates the story of the
complexity of the folding and its potentidsequential or non- Baker D, Agard DA. 1994. Kinetics versus thermodynamics in protein folding.
sequentigl mechanism, inspection of the funnel bottoms reveals  Biochemistry 33505-7509. -
the binding mechanism. If around the bottom of the funel of theBgrn = 1954 balding speed and sl sesueatoe,
monomer we observe a conformational ensemble, depicted as a the new view.J Biomol NMR 5103-109.
series of minima that are close to each other on the energy landaldwin RL, Rose GD. 1999. Is protein fo!ding hierarchic? I. Local structure
_scape with low _barrlers s'eparatlng them, we may deduce the e)gallzcvdIl?ol\elli,)tg;bfglIlgcl)n?,-.rgrnudesbglgcl\q?nggl. 2IZ?}‘raec?;?’c.)bservation of fast protein
istence of a flexible protein. On the other hand, a smooth bottom, folding: The initial collapse of apomyoglobirRroc Natl Acad Sci USA

with well-defined, deep minimum, implies a rigid molecule. Flex-  93:5759-5764.
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